The ability to tune magnetic orders, such as magnetic anisotropy and topological spin texture, is desired in order to achieve high-performance spintronic devices. A recent strategy has been to employ interfacial engineering techniques, such as the introduction of spin-correlated interfacial coupling, to tailor magnetic orders and achieve novel magnetic properties. We chose a unique polar-nonpolar LaMnO3/SrIrO3 superlattice because Mn (3d)/Ir (5d) oxides exhibit rich magnetic behaviors and strong spin-orbit coupling through the entanglement of their 3d and 5d electrons. Through magnetization and 3 magnetotransport measurements, we found that the magnetic order is interface-dominated as the superlattice period is decreased. We were able to then effectively modify the magnetization, tilt of the ferromagnetic easy axis, and symmetry transition of the anisotropic magnetoresistance of the LaMnO3/SrIrO3 superlattice by introducing additional Mn (3d) and Ir (5d) interfaces. Further investigations using in-depth first-principles calculations and numerical simulations revealed that these magnetic behaviors could be understood by the 3d/5d electron correlation and Rashba spin-orbit coupling.
Introduction
In the pursuit of unexpected functionalities and high-performance spintronic devices, intensive efforts have been devoted to the controlling of the magnetism of magnetic materials. Among various possible controlling approaches, interfacial engineering promises accessibility to not only the magnetic modulation but also a strong interfacial coupling, arousing emergent phenomena and applications 1, 2 . Recently, spurred by the unprecedented advances in the material fabrication 3 , the interface-based method now becomes feasible. 4 The key to the design of a controllable magnetism through the interface is to introduce a spin-correlated interfacial coupling. One of the most tantalizing choices is the coupling between 3d and 5d electrons. The heterostructure of Mn (3d)/Ir (5d) oxides is particularly attractive because the entanglement of 3d and 5d electrons exhibit rich magnetic behaviors [4] [5] [6] and strong SOC [7] [8] [9] . For instance, emergent ferromagnetism and topological Hall effect have been reported in the SrMn 4+ O3/SrIr 4+ O3 [10] [11] [12] (SMO/SIO) and La0.7Sr0.3MnO3 (LSMO)/SIO 13, 14 heterostructure, respectively. Moreover, through atomically control of the coupling between the iridate and manganite, a tunable in-plane ferromagnetic anisotropy characterized by both magnetization and anisotropic magnetoresistance (AMR) was reported at the La1-xSrxMnO3/SIO 15, 16 heterostructures. Up to now, while interesting results have been achieved at the Mn 4+ /Ir 4+ or Mn 3+/4+ /Ir 4+ interfaces, little study explores the perovskite interfaces of pure Mn 3+ and Ir 4+ , which has a unique polar/nonpolar structure. With the Mn 3+ /Ir 4+ interface provides an extra polar discontinuity at the interface 17 , a stronger interfacial coupling is expected, possibly leading to a dramatic modulation of magnetism.
In this work, through atomically changing the stacking of 3d/5d electrons, we achieved the magnetic-order modulation in LaMn 3+ O3 (LMO)/SIO superlattices, which manifests as a change of magnetization, rotation of ferromagnetic easy axis, and transition of AMR symmetry. Both magnetization and magnetotransport measurements show that the magnetic order becomes more interface-dominated while we decrease the superlattice period. Further comparison with the single-layer LMO and SIO and in-depth theoretical prediction demonstrate that the underlying mechanism for these behaviors is related to the Mn-Ir coupling and the interfacial Rashba effect. SL224 and SL118 for short) were epitaxially grown on (001)-orientated SrTiO3 (STO) substrates by pulsed laser deposition at 700 o C and 100 mTorr oxygen partial pressure. Figure 1a shows the schematic structures of the superlattices.
Results and discussion
The 3d/5d interfacial effect is controlled via atomically change the repeating period (2m). From SL881 to SL118, the period was shortened while the total thickness of each constituent (m x n) was fixed. Thus, as the period is shortened, more interfaces are created, and a larger interfacial effect is expected.
The high structural quality of the superlattice samples was confirmed by the insitu reflection high-energy electron diffraction (RHEED) ( Fig. 1b ) and X-ray diffraction (XRD) ( Fig. 1c ). Every oscillation in Fig. 1b represents the epitaxial growth of one unit cell (uc) LMO or SIO. The periodic oscillation of the four superlattice samples indicates a layer-by-layer growth mode. Figure 1c shows 6 the XRD (002)-diffraction of the four superlattices. Albeit our samples are very thin, the first order superlattice satellite peaks can still be observed, demonstrating a good crystallinity. Figure 1d To further investigate the nature of the interfacial effect, we studied the magnetism of the four superlattices in detail. Figure 2a both HC and MS can be tailored more than 100% from SL881 to SL118. This also shows the feasibility of tuning the magnetism through Ir-Mn interfacial 8 engineering. To understand this behavior, we should first find out the source of the superlattice ferromagnetism. Previous work has reported Ir-moment is much weaker than Mn-moment 15 . Therefore, the magnetization measurement is dominated by Mn. LMO is an antiferromagnetic material 18 Since the electronic structure of Mn decides the underlying mechanism for the magnetism, we studied the electronic state of Mn through the Mn L2,3 edges Xray absorption spectroscopy (XAS) measured at 85 K (Fig. 3a ). The XAS of 2 and 8 uc LMO are also presented here for reference. Consistent with the previous report, the Mn 2+ spectral peak is observed in our single-layer LMO due to the electron accumulation 5 . Same as the 8 uc LMO, the XAS of SL881 also shows an Mn 3+ spectral peak together with a hump at the Mn 2+ position. This agrees with our previous result that SL881 has relatively weak interfacial coupling and its electronic structure of Mn is mainly dominated by the LMO bulk part. However, with more Ir-Mn created, the Mn 2+ peak disappears. A reasonable explanation for this would be the intrinsic electron accumulation in LMO is suppressed or counteracted. Because when the repeating period drops, the polar LMO layers will be continuously separated by nonpolar SIO and forming a nonpolar/polar/nonpolar structure. Therefore, there would be opposite polar discontinuities at the top and bottom of the LMO, and the electron accumulation along the two directions will reduce each other. Since the electron accumulation is gradually modulated from SL881 to SL118, the underlying mechanism for the ferromagnetism also undergoes a transition from the intrinsic charge transfer inside LMO to the emergent electronic correlation at the 3d/5d interface.
Apart from the modulation of the magnetization, we also achieved the tilt of the ferromagnetic easy axis. Figure 3b and 3c show the Mn L edge X-ray magnetic circular dichroism (XMCD) spectra 19 measured at 85 K under 1 T magnetic field with 45 o and 90 o (out-of-plane) incident X-rays, respectively. The magnetic field applied is in the same direction as the X-ray. Note that the out-of-plane signal is magnified 5 or 10 times for a better comparison. Figure 3b shows that all four superlattices have almost the same moment along 45 o direction. Since our SQUID result (Fig. 2b) has shown that the in-plane magnetization is gradually decreasing when there are more interfaces. As a result, the spins of the four superlattices must be oriented differently, otherwise, it is impossible to have a similar net moment along the 45 o direction. The 90 o XMCD (Fig. 3c ) further validates this conclusion. There is no out-of-plane XMCD of SL881, indicating the spins are fully in the in-plane direction. When we shorten the superlattice period from SL881 to SL118, we clearly observe an increasing out-of-plane XMCD signal indicating the ferromagnetic easy-axis tilts away from the in-plane. Besides the ferromagnetism, we also investigate the interfacial coupling through magnetotransport study. Figure 3a shows the (100)-direction magnetoresistance (MR) measured at 30 K. SL881 and 8 uc SIO share a similar MR. This is expected because the interfacial effect of SL881 is relatively weak, and the conducting is dominated by the 8uc SIO. As the superlattice period is shortened, there is a marked increase of MR magnitude. Since the 2uc SIO or LMO are expected to be completely insulating at 30 K (Fig. 1d) , their resistance will be independent of the external field. Consequently, this marked MR increase is not a pure behavior of SIO. A high-temperature MR comparison is shown in Supplementary Figure 1 , which confirms this conclusion. Therefore, there should be an interfacial coupling between the SIO and LMO, which influences the magnetotransport behavior of the superlattice. The inset in Fig.   3a shows the MR hysteresis loop, which is caused by the ferromagnetic spin scattering. Moreover, the MR hysteresis loop shows the same HC as the one from the MH loop ( Supplementary Figure 2) , which proves that the spin scattering comes from ferromagnetic LMO. As a result, when the superlattice period is shortened, the transport property of the superlattice shifts from bulk SIO dominating to the LMO/SIO interface dominating, where both LMO and SIO contribute.
More information on the interfacial transport is revealed through investigating the anisotropy of the magnetotransport, we found the AMR symmetry could be tailored through changing the repeating period. The AMR was measured through rotating the in-plane 9 T magnetic field and calculated through
where θ represents the angle between the magnetic field and the fixed current direction. Figure 3b shows the experimental AMR and its fitting by the phenomenological equation 20,21
where A2 and A4 denote the coefficient of the two-fold and four-fold symmetric term, respectively. Note that the AMR of SL881 is magnified 10 times and still too noisy to be fitted. Figure 3c shows the fitting results, which are given in the 13 form of A4/A2. When the repeating period is shortened, the AMR gradually shifts from four-fold symmetry dominating (A4/A2 >1) to two-fold symmetry dominating (A4/A2 <1). The SL224, which is the intermediate state, has an AMR lies in between these two limits. The temperature-dependent AMR transition can be found in Supplementary Figure 3 . However, different from the LSMO, LMO is insulating, and the ferromagnetic order of LMO/SIO superlattice is highly affected by the interfacial electronic correlation. Therefore, the explaination of the AMR transition requires the interfacial coupling. Since 9 T is much larger than the HC of the superlattices, all the spins are fully polarized along the external magnetic field direction. The symmetry of the AMR represents the intrinsic anisotropy induced by spin scattering 22 , and its transition corresponds to the change of the ferromagnetic order symmetry. To explain the relation between the magnetic scattering and the AMR symmetry transition, the Rashba SOC 23,24 , a type of SOC in an inversion asymmetric structure, should be considered.
We used the first-principles calculation to model the LMO/SIO superlattices with a periodic boundary condition. Figure 4a Fig. 4a ) is monotonically decreasing from SL44 to SL11 (Fig. 4b ). This decreased bond length enlarges the overlaps between different orbitals and can result in a larger gradient of internal electric potential (∇ ), and therefore a larger Rahsba SOC energy.
To investigate how the Rashba SOC affects the magnetotransport properties, we numerically simulate the AMR behavior based on the first-principles results.
We modeled the magnetotransport properties of the electrons at the LMO/SIO interface with a generalized Kondo lattice described by the Hamiltonian 28, 29 ̂= − ∑ † 〈 , 〉,
where t is the hopping amplitude associated with electron motion, λR is the Rashba SOC, and JK is the Kondo interaction between the Mn moments and the itinerant electron, B is the strength of the external magnetic field, and μ (4)
Our result shows ≈ 0 (see Supplementary Note 5). Therefore the longitudinal resistivity is computed as = 2 + 2 ≈ 1/ . Figure 5c shows the theoretically-predicted AMR behavior. When we enhance the SOC term λR, the dominating symmetry of the AMR changes from four-fold to two-fold, which is qualitatively in agreement with the experimental observation. This simulation result proves that the coupling between the spin-orbit coupled state of Ir 4+ could impact the symmetry of the ferromagnetic order of Mn 3+ when their interfacial coupling is prominent. Bond lengths and Rashba SOC energies obtained by first-principles calculation.
(c) Numerical simulation of anisotropic magnetoresistance (AMR) with different Rashba SOC strength.
Conclusions
We have observed emergent ferromagnetism in all LMO/SIO superlattices with any period even when the thickness of the LMO is below the critical thickness for polar catastrophe. Through systematically decreasing the repeating period, we achieved the modulation of the magnetization, tilt of the easy axis, and transition of AMR symmetry. The evolution of these phenomena is attributed to the 3d/5d interface electronic correlation and the Rashba SOC. Remarkably, the interface sensitivity enables precise control of the ferromagnetism and is highly exploitable in future spintronic devices where different magnetic functionalities are simultaneously controlled.
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